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(54) A compression amplifier 

(57) An amplifier (60) uses gain compression tech- 
niques to provide linear gain control over a wide 
dynamic range, and includes an amplifier (62) having 
Input and output legs, a gain controller (64) coupled 
between the Input and output legs of the amplifier, a 
gain control circuit (66) having an input coupled to the 
amplifier output leg and output coupled to the gain con- 
troller. The gain controller (64) is responsive to a gain 
control signal to. permit continuous gain adjustment of 
the amplifier. The gain control circuit (66) is configured 





to compare an output voltage on the amplifier output leg 
with a predetermined threshold voltage (Vth) and to 
generate a gain control signal on the gain control circuit 
output so as provide continuous gain adjustment of tiie 
amplifier at least when the amplifier output voltage is 
greater than the threshold voltage. A hearing aid (100) 
using a single compression amplifier (60) or multiple 
compression amplifiers (60, 60a) to minimize sound dis- 
tortion and enhance user comfort is also provided. 



^ GAII 



MCaOPHONEC 



6A1H 

CONTROUfB 



100 
/ 



F/G.6 





Priraed by XercK (UK) Business Services 
2.16.30.4 



EP 0 844 805 A1 

Description 

The present invention relates to gain compression amplifiers that provide a linear compression function. More par- 
ticularly, the present invention provides a gain compression amplifier having a linear compression function over a wide 

5 dynamic range for use in hearing aids. 

Distortion in the hearing aid art is defined as the generation of added undesired sounds in the output signal that 
are not present in the input signal. It Is believed that such distortion, that Is, these additional sounds, act as a type of 
masking noise for speech, both by direct masking of low-level speech cues that fill In the temporal structure of speech 
sounds and by degrading important amplitude cues. Peak-clipping has been used as a technique for limiting the ampli- 

10 tude of the output stage of a standard hearing aid, however, the peak-clipping technique often creates distortions in the 
output stage of the hearing aid circuitry. 

For the purposes of sound distortion analysis, a hearing aid can generally be considered to consist of two primary 
amplifying stages, a preamplifier stage and an output amplifier stage. Fig. 1 shows an exemplary configuration of a two- 
stage hearing aid 1 0. As seen in Fig. 1 , the preamplifier stage 1 2 of hearing aid 1 0 includes an amplifier 1 4 having one 

IS input 16 connected to a microphone 1 8 via coupling capacitor 20 and another input 22 connected to ground. The ampli- 
fier 14 has a fixed gain which is set by resistors 24 and 26. The output 28 of the preamplifier stage 12 is connected to 
a user adjustable volume control circuit 30 having an output 32 connected to the output stage 34 of the hearing aid 10. 
The volume control circuit 30 has a potentiometer 36 connected between the output 28 of the preamplifier stage 12 and 
an input 38 of the output stage 34 via coupling capacitor 40. The output stage 34 includes an amplifier 42 having one 

20 input 38 connected to the output 32 of the volume control circuit 30. The amplifier 42 has a fixed gain set by resistors 
44 and 46 and has ari output 48 connected to a transducer, for example, speaker 50. 

In the preamplifier stage, the amount of undlstorted amplification available is typically limited by the available bat- 
tery supply voltage. In conventional ear-level hearing aids, the battery supply voltage is typically limited to 1.25 volts 
available from a zinc-air battery cell. If the input sound level (anplitude) increases dramatically, the resulting amplified 

25 signal at the output of the preamplifier stage ti'ies to exceed the available battery voltage and thus the preanpilfier sat- 
urates and the output signal becomes distorted, that is. it clips. 

Various amplifiers, such as class A and class D amplifiers, may be employed at the output stage. Such amplifiers 
are subject to an overload effect when the Input sound level reaches certain thresholds. When using class A amplifiers . 
in the output stage, a signal delivered to the output stage 34 from the preamplifier stage 1 2 increases as the amplitude 

30 of the input sound level into the preamplifier stage 12 increases. When tiie voltage at the output 28 of the preamplifier 
12 reaches the limits of the battery supply voltage, no further amplification can take place. If tiie input sound level at 
microphone 18 continues to drive the preamplifier stage, the amplifier will saturate and distortion will occur. 

A similar overload effect may also occur when using dass D amplifiers in the output stage, though the saturation 
mechanism is different Using a class D amplifier, tiie output stage 34 operates by producing a variable pulse-width 

35 modulated signal across the transducer 50, for example, tiie speaker coil. As eitiier tiie input sound level or the amount 
of system amplification is increased, tiie pulses eventually merge into each other and tiie output signal reaches satura- 
tion, tiius causing distortion, for example, in tiie form of peakclipping. Typically, for a class D amplifier, distortion begins 
at about 3 dB below maximum acoustic output 

Peakclipping may be unintentional, such as when the output amplifier is over driven, or peakclipping may be Inten- 

40 tional. such as when the saturated sound pressure level (SSPL) of a hearing aid is reduced by a peakclipping circuit 
Saturation distortion that occurs due to overdriving or output clipping in an amplifier should be distinguished from 
low levels of distortion that can occur inside a hearing aid witii low-input levels. Saturation distortion occurs when tiie 
input level is so high that saturation is reached either in tiie pre-amplrfier stage or in tiie output stage or in both stages. 
When this occurs, tiie waveform becomes highly distorted. Even In instances where a hearing aid is intentionally con- 

45 figured to produce low distortion at low-input levels, saturation distortion will occur at some point as tiie input sound 
level is increased beyond the capabilities of the battery, tiie amplifier stage, and the output stage. 

The high-distortion effects of saturation can be seen graphically in Rg. 2 for a typical class D peak-clipping hearing 
aid used in the hearing aid circuit of Rg. 1. The peak acoustic gain of this hearing aid was 35 dB, tiie peak saturated 
sound pressure level (SSPL) was 1 07 dB, and tiie frequency response matrix slope (i.e., the difference in acoustic gain 

so between peak and 500 Hz.) was 1 0 dB. As seen in Fig. 2 a plot of the harmonic distortion versus frequency for input 
sound levels of 60. 70, 80 and 90 dB is provided. These input sound levels correspond to soft speech, conversational 
speech, loud speech, and shouted speech, respectively The distortion performance graph shows that tfie level of dis- 
tortion is low at low-input sound levels, for example, 60 dB and 70 dB. and is in tiie area of 2 or 3 percent When the 
input sound level is increased, for example, to 80 dB, the hearing aid goes rapidly into saturation and tiie level of distor- 

55 tion increases dramatically, witii tiie percentage of distortion peaking at about 50 percent. At an input sound level of 90 
dB. th percentage of distortion continues to increase and typically exceeds the 50 percent distortion plateau, espe- 
cially in tiie mid-frequencies, for example between 900 Hz and 2000 Hz. 

The use of compression drcuits at the anplif ier stages has been shown to reduce tfi saturation distortion of con- 
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ventional hearing aicfs. Thes types of configurations are also known as compression amplifiers. However, conventional 
compression amplifiers typically do not provide a compression function that is linear. Instead, because of limitations in 
the electronic components which form the compression amplifier, the compression function is non-linear, for example, 
stepped or curved. Fig. 3 is a graphical representation of an example of two possible non-linear compression functions 

5 compared to a linear compression function for a compression amplifier with a conpression ratio of 2 to 1. The graph 
illustrates a 10 dB change in the input acoustic sound pressure level over a range of between 60 dB and 90 dB. Ideally, 
in such a scenario the change in the output acoustic sound pressure level should be 5 dB for every 10 dB change in 
input acoustic sound pressure level. However, as noted above and as seen in Fig. 3, in this example, the conventional 
compression amplifier has a non-linear compression function over the dynamic range of the amplifier. As a result, the 

10 conpression function is linear between 60 dB and 80 dB and the output sound pressure level change is compressed 
by 5 dB for every 10 dB change in the input sound level. When the input acoustic sound pressure level changes from 
80 dB to 90 dB, the compression function becomes non-linear and the output acoustic sound pressure level is com- 
pressed by, for example, 4 dB or 6 dB. 

Therefore, a need exists for a compression circuit which provides a linear compression function over a wide 
15 dynamic range, such as between 80 dB and 90 dB. 

SUMMARY 

The present invention provides an amplifier that uses gain compression techniques to provide linear gain control 

20 over a wide dynamic range. In one embodiment, the compression amplifier includes an amplifier, such as an operational 
amplifier, having input and output legs, a gain controller coupled between the input and output legs of the amplifier, and 
a gain control circuit. The gain controller Is responsive to a gain control signal generated by the gain control circuit to 
permit continuous gain adjustment of the amplifier. Preferably, the gain controller is a current controlled resistor. 

The gain control drcuit has an input coupled to the amplifier output and an output coupled to the gain controller. 

25 The gain control circuit is configured to compare an output voltage on the amplifier output with a predetermined thresh- 
old voltage and to generate the gain control signal on the gain control circuit output. As noted, this signal, when acti- 
vated, provides continuous gain adjustment of the amplifier when the amplifier output voltage is greater than the 
threshold voltage. Preferably, the gain control circuit provides means, such as a relay, for selectively controlling the gain 
control signal so that when the amplifier output exceeds the threshold signal level the gain control signal is generated. 

30 Typically, the predetermined threshold voltage is set to a value below a voltage where the amplifier saturates. 

The gain control drcuit preferably indudes a rectifier circuit portion having an input coupled to the output of the 
amplifier and an output The output of the rectifier circuit portion is a DC voltage. A voltage comparing circuit portion is 
provided to receive the rectified voltage and the predetermined threshold voltage and to generate an output voltage 
which is the difference between the rectified voltage and the threshold voltage. A summing circuit portion has a first 

35 input coupled to the output of the voltage comparing circuit portion and a second input coupled to a sub-threshold 
amplifier. TTie summing circuit portion generates an output signal tiiat is tiie sum of tiie voltages on the first and second 
Inputs. The gain control circuit also includes a current generating drcuit portion having an input coupled to the output 
of the summing circuit and an output coupled to the gain controller. The current generating circuit generates tiie 
required control cun-ent to adjust ttie gain of tiie amplifier. The control current Is proportional to the rectified voltage and 

40 the tiireshold voltage. 

The present invention also provides a hearing aid tiiat utilizes the compression amplifier of tiie present invention to 
improve the sound quality heard by a user. The hearing aid indudes a preamplifier network having an input connected 
to a sound detector and an output connected to an output drive network, TTie output drive network has an input con- 
nected to the output of ttie preamplifier network and an output connected to a sound transducer. 

45 The preamplifier network indudes tiie compression amplifier of the present invention. Thus, the preamplifier net- 
work has an amplifier witii input and output legs, a gain controller coupled between tiie input leg and output leg of the 
amplifier, and a gain control circuit connected to the amplifier and the gain controller. The gain controller is responsive 
to a gain control signal generated by ttie gain control drcuit so as to permit continuous gain adjustment of the amplifier. 
In this embodiment of tiie hearing aid, the output drive network also includes the above-described compression 

so amplifier of tiie present invention. Thus, the output drive network has an amplifier, a gain controller, and a gain confrol 
circuit which operate to automatically adjust the gain of tiie amplifier to provide a quality sound to be emitted by the 
sound transducer. 

Preferably, tiie hearing aid also includes a volume control circuit connected between ttie output of the preamplifier 
network and the input of the output drive network which permits the user to attenuate the volume of the sound emitted 
55 from the sound transducer. An example of a suitable volume control circuit is a variable resistor connected in a voltage 
divider configuration between tiie output of tiie preamplifier network and the input of the output driv network 

In an alternative embodiment, the hearing aid according to tiie present invention includes a preamplifier network 
and an output drive network wherein the preamplifier network uses the compression amplifier and the output drive net- 
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work has a fixed gain. 

In another alternative embodiment, the hearing aid includes a preamplifier network and an output drive network 
wherein the preamplifier network has a fixed gain and the output drive network has a fixed gain and the output drive 
network use the compression amplifier of the present invention, 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention are described hereinbelow with reference to the drawings wherein: 

10 Fig. 1 Is a circuit diagram for a conventional hearing aid; 

Fig. 2 is a graphical representation of sound distortion performance characteristics in the conventional hearing aid 
of Fig. 1 at different input sound levels; 

Fig. 3 is a graphical representation of an exemplary compression function for a conventional hearing aid using a 
conventional compression amplifier at the preamplifier stage; 
15 Fig. 4 is a block diagram of the compression amplifier according to the present invention; 

Fig. 5 is a circuit diagram for the compression amplifier according to the present invention, illustrating a gain control 
circuit connected to an amplifier and a cun-ent controlled resistor; 

Fig. 6 is a circuit diagram for a hearing aid using the compression of the present invention at the preamplifier stage; 
Fig. 7 is a circuit diagram for a hearing aid using the compression amplifier of the present invention in the pream- 
20 piif ier stage and the output stage; 

Fig. 8 is a graphical representation of the sound distortion characteristics for the hearing aid of Fig. 7; and 
Fig. 9 is an alternative embodiment for a hearing aid using tiie compression amplifier of the present invention. 

DETAILED DESCRIPTION 

25 

Compression parameters of the compression amplifier according to the present invention are dependent upon cer- 
tain mathematical representatfons defined herein. The compression amplifier according to the present invention pro- 
vides two basis modes of operation. The first mode is identified as a "below threshold mode" and the second mode Is 
identified as an "above threshold mode". In the below threshold mode, the compression amplifier provides a fixed gain 
30 independent Of the input acoustic sound pressure level. In the above tiireshold mode, the compression amplifier pro- 
vides a variable gain that is dependent upon the input acoustic sound pressure level, the desired compression ratio and 
the gain transfer compression threshold factor of the compression amplifier. The compression ratio (CR) is defined as 
the ratio of the rise in the amplifier input acoustic sound pressure level increase or rise (IR), In dedbels, to the increase 
in tiie output acoustic sound pressure level (01), in decibels, and can be expressed as follows: 

35 

compression ratio s input increase/output increase 

The gain transfer factor (GJ) of the compression amplifier is defined as the ratio of the amplifier gain reduction 
(GR), in decibels, to the output increase in sound pressure level (01), in decibels, during a specified range of the Input 
40 increase (IR) in sound pressure level, and can be expressed as follows: 

gain transfer = gain reduction/output increase 
A relationship of these compression amplifier parameters is provided below in table I. 

45 



Table I 





Input Increase 


Output increase 


Gain Reduction 


Compression Ratio 


Gain Transfer 


so 


10 dB 


lOdB 


OdB 


1:1 


0.0 




10 dB 


9dB 


1 dB 


1.11:1 


0.11 




10 dB 


8dB 


2dB 


1.25:1 


0.25 


55 


10 dB 


7dB 


3dB 


1.43:1 


0.43 


10 dB 


BdB 


4dB 


1.67:1 


0.67 




10 dB 


5dB 


5dB 


2:1 


1.00 
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Table I (continued) 



Input Increase 


Output Increase 


Gain Reduction 


Compression Ratio 


Gain Transfer 


10 dB 


4dB 


6dB 


2.5:1 


1.50 


lOdB 


3dB 


7dB 


3.33:1 


2.33 


10 dB 


2dB 


8dB . 


5:1 


4.00 



Referring now to Fig. 4, the preferred embodiment of the compression amplifier 60 is shown. The compression 

70 amplifier 60 includes an amplifier 62, preferably an operational amplifier, a gain controller 64, a rectifier and peak detec- 
tor circuit 70, and a gain control circuit 66 responsive to the rectified output of the amplifier so as to control the gain con- 
troller 64. The gain controller may be a variable resistor or other equivalent devices which are capable of controlling the 
gain of the amplifier 62. Preferably, the gain controller 64 Is a current-controlled variable resistor that has a small signal 
resistance that is inversely proportional to the DC current flowing through the gain control circuit The gain of the oper- 

15 ational amplifier 62 is controlled by fixed resistor 68 having a value R and the gain controller 64. As seen In Fig. 4. the 
gain control circuit 66 is connected in the feedback path of the operational amplifier 62. When operating in the above 
threshold mode, the desired compression function can be realized by modulating the current flowing through the fixed 
resistor 68, such tiiat as the cun-ent increases the gain of the amplifier 60 decreases, and as the current decreases the 
gain increases. The compression amplifier continues to operate as such until tiie compression amplifier is operating In 

20 the below threshold mode where the gain is fixed. 

The following equations may be used to determine certain parameters for the compression amplifier 60 of tfie 
present invention and to determine the gain control cun-ent (Icn,) necessary to adjust the gain of amplifier 62 via gain 
controller 64. The gain control current (Icm) required for a certain compression ratio is the ratio of the rectified compres- 
sion amplifier output voltage IVJ divided by the predetermined threshold voltage (W^, taken to tiie power of the gain 

25 transfer factor (GT) for that specific ratio, and tiie result of tiie ratio is multiplied by the sub-threshold gain cun*ent (Igt). 
To determine the gain transfer factor (GT), the supra-tiireshold gain reduction factor (GR) of the amplifier 60 Is first 
ascertained: 

30 GR = 20log ,o[%] ■ 20log ,o[^] EQ. 1 



35 GR ^ 20[log,o[ie^,] - log.Ji?] - log^^[R^] + log^^lR]] EQ. 2 



40 



45 



G/? = 2o[log,o[^]-log,„[%?]] 

GR = 20poQ,o[fl„J-logioIffcmfl 
G« = 20.og,o[^ 



EQ.3 
EQ.4 

EQ.5 



where R is the value of resistor 68. 
so If the gain confroller is a variable resistor, then the resistance of tiie variable resistor 64. atwe and below the 
threshold Is inversely proportional to the gain conti-oi current 1^^ and Igf In this instance, the variable resistor values Rc^ 
and Ret can be substituted with I/let and 1/lcm, respectively, to yield the following equation for tiie gain reduction factor: 

55 Gfl = 201ogio[^] EQ.6 



The output increase in sound pressure level (01) for the compression amplifier 60 can tiien be defined by the fol- 
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10 



15 



25 



30 



lowing equation: 



0/=20Iog,o|\^] EQ.7 



As noted above, the gain transfer tactor (GT) of the compression amplifier Is the ratfo of the gain reduction (GR) to 
the output acoustic sound pressure increase (01) which yields the following equation: 

Equation 8 can be reduced as follows to obtain the desired gain control cunrent (Icm) to establish the proper com- 
pression function for the particular input acoustic sound pressure level: 



eo t^'MOQioTT- =log,o-r- EQ.9 



EQ. 10 



EQ. 11 



/«n=/.[^]"^ EQ.12 



Thus, as noted above, equation 12 provides that the gain control current {IcJ required for a certain compression 
35 i-atio is the ratio of the rectified compression amplifier output voltage |Vo| divided by the predetermined threshold voltage 
(Vth). taken to the GTth power for that specific ratio, and the result of the ratio is multiplied by the sub-threshold gain 
current (Igt). 

Fig. 5 provides a circuit diagram of a compression amplifier for generating the desired gain control cun-ent In the 
embodiment of Fig. 5. the compression amplifier output voltage (V^ut) is connected to a half-wave rectifier and peak 

40 detector circuit within the gain control circuit 66. The half-wave rectifier circuit 70 Includes amplifier 72, PMOSFET tran- 
sistor 74, and capacitor 76. Although the rectifier circuit shown is a half-wave rectifier, as noted above, a full-wave rec- 
tifier circuit may also be used. Further, capacitor 76 is a primary compensation element for the feedback loop and has 
a value that is chosen so its delay characteristic is dominant over the time delay through the feedback loop. The rectified 
output voltage |Vo| of the rectifier circuit 70 is fed to a comparator 78 that compares the rectified output voltage |Vol with 

45 a predetermined threshold voltage (V,h). If the rectified output voltage |Vo| is less than the threshold voltage {V^ then 
solenoid 80 in relay switch 82 is not energized and the relay switch remains open. In this instance, the compression 
amplifier 60 Is operating in the below threshold mode and the gain control current Icm is fixed so that the variable resistor 
64 sets the gain of amplifier at maximum gain. In the circuit of Fig. 5. the gain control cun-ent J is about 1 jiA which 
sets the gain of amplifier 62 to about 30 dB. Thus, in this configuration, when the output voltage (VouO of the operational 

50 amplifier 62 is below the predefined compression threshold voltage (Vth). the operational amplifier 62 has a fixed gain 
that does not vary with the Input voltage to the operational amplifier (Vjn). that is, the gain is Independent of the input 
acoustic sound pressure level. 

If the rectified output voltage |Vo| Is greater than the threshold voltage (Vth) t^en the output of the comparator 78 
energizes the relay solenoid 80 and closes relay switch 82, so as to enable operation of the gain compression feature. 

55 When the relay switch is closed, amplifier 84 acts as a difference amplifier to subtract the output voltage (V^) of loga- 
rithmic amplifier 86 from the output voltage (Vg) of logarithmic amplifier 88 and to scale the result by th gain transfer 
factor (GT). The output voltage (V3) of difference amplifier 84 is summed with the output voltage (V4) of logarithmic 
amplifier 90 by summing amplifier 92. The summed output voltage (V5) is fed to amplifier 94 and operational transcon- 
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ductance amplifier 96 that form a feedback voltage-to-current converter. The output voltage (Vq) of amplifier 94 controls 
operational transconductance amplifier 98 to provide the desired gain control current (Icm) to current-controlled resistor 
64. Thus, when the output voltage of the operational amplifier 62 rises above the predetermined threshold voltage (Vth). 
the current (1st) in current source 91 increases at a rate sufficient to maintain a constant compression ratio. 

5 In essence, amplifiers 84 through 98 and their associated discrete components operate as a compression control 
signal processor that generates and provides the desired cunrent to control the variable resistor 64. As noted above, the 
current controlled variable resistor 64 is preferably an operational transconductance amplifier that changes the gain of 
the amplifier 62 as the current increases or decreases. An example of a suitable transconductance amplifier is the 
model LM3080 manufactured by National Semiconductor Corporation. 

10 As noted above, the current required to provide the proper resistance for the variable resistor is the gain control cur- 
rent (Icm)- The gain control current is the sum of the anix>unt of curent required to provide the proper resistance for pro- 
viding the sub-threshold gain (Ist) and the gain reduction cunrent (lat), seen in Rg. 5. The resistance parameters for the 
variable resistor 64 are identified as and Rst at the current values of Icm and Ig^. 

To rationalize the operational characteristics of the circuit of Rg. 5, certain values should be initially defined. The 

15 fonward cun-ent through a diode 1^ and the fonward diode voltage are represented below: 

/d^/flle ' ] EQ.13 



20 



30 



35 



40 



45 



SO 



^d-vfhnf EQ.14 



In these equations, 1^ is the transport saturation current of a semiconductor junction, and vt is the thermal voltage of a 
25 semiconductor junction. Typically, vt is 25.7 mV at 300K. 

Turning now to Rg. 5. the output voltage (Vg) of logarithmic amplifier 88 is; 



EQ.15 



EQ.16 



and the output voltage (V^ of logarithmic amplifier 86 is defined by equation 17: 

V. 



"•■•'{'"bTO]] 



EQ.17 



Amplifier 84 is a difference amplifier having an output voltage V3: 

V^^GnV^'V^] EQ.18 

Substituting and V2 from equations 16 and 17 in equation 18 yields the following result for the output voltage V3 of 
the difference amplifier 84: 



EQ. 19 



If resistors Ri and R2 connected to amplifiers 88 and 86 are equal, and the diode terms t for diodes 87 and 89 are 
55 equal, tiien equation 19 reduces to equation 20. 
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IS 



20 



25 



30 



35 



>/3 = M]ln[[^]'''] EQ.20 



5 The output voltage (V4) of logarithmic amplifier 90 that, as noted above, provides a fixed amount of gain to variable 
resistor 64 so as to provide the correct sub-threshold gain, that is, to provide the proper current to variable resistor 64 
when in the below threshold mode to set the gain of amplifier 62 for maximum gain: 



10 v^^'Vt^n^f^ EQ.21 

When the relay switch 82 is closed, the amplifier 92 acts as a summing amplifier having an output voltage V5. If resistors 
Rs. R9 Rio connected to amplifier 92 are equal, than the output voltage V5 is the inversion of voltages V3 and V4: 



V'5="[^3+^4] EQ.22 

Substituting the values for V3 and V4 from equations 20 and 21 into equation 22 yields the following representation for 
the output voltage (V5} of amplifier 92: 



EQ. 23 



By knowing the output voltage of amplifier 92, the gain control cunrent (IcJ can be expressed as follows: 

Um'Va]^ EQ.25 
Substituting V5 from equation 24 into equation 25 yields ttie following representation for the gain control current: 

Si 



vf 

'cm = Val ^"^ EQ. 26 

40 which can be reduced as follows to obtain the expression for tiie gain control current 1^^. Thus, following the above 
example, the circuit shown in Rg. 5 provides a gain control which continuously controls the gain of amplifier 62 when 
the rectified output voltage |Vo| exceeds the predefined threshold voltage QJ^, 

'cm = U [y^\ EQ. 28 



Turning now to the embodiments of Figs. 6 and 7, the compression amplifier 60 of the present Invention may be 
used in a preamplifier stage, an output stage, or in both stages of a hearing aid. Of course, utilizing the compression 
amplifier at botii stages of tiie hearing aid improves the sound quality to the user over hearing aids witfi a single com- 
55 pression amplifier. 

As discussed above, signal clipping can occur at the output of the preamplifier stage and at the output of the output 
stage. The point at which tiie preamplifier output clips is dependent upon tiie amplitude of the input signal from the 
microphone, that is, the input acoustic sound pressure level, the preamplifier gain, and the battery voltage. Typically, 
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clipping occurs when the input acoustic sound pressure level reaches about 80 dB: Clipping at the output stage is a 
function of the input acoustic sound pressure level from the microphone, the preamplifier gain, the battery voltage, the 
level of attenuation provided by the volume control circuit, and the gain of the output stage. 

To illustrate, if the volume control circuit is set by the user for minimum attenuation and the input signal from the 

5 microphone increases in magnitude over time, the output of the output stage will clip before the preamplifier stage out- 
put, because of the gain of the output stage. On the other hand, if the volume control circuit attenuation is adjusted so 
that the amplitude of the input signal to the output stage is reduced by the same value or a greater value than the gain 
of the output stage, then the preamplifier stage will clip before the output stage. 

To overcome this problem and minimize clipping in the hearing aid, the output of the preamplifier stage and the out- 

10 put of the output stage can be individually sensed and controlled through compression. The compression thresholds for 
both stages are preferably set as high as possible without causing clipping. Typically, a compression ratio of 1 0: lis suit- 
able for hearing aids. 

Referring to Rg. 6. one embodiment for utilizing the compression amplifier of the present invention is shown. In this 
embodiment, the preamplifier stage utilizes the compression amplifier of the present invention to provide a fixed gain 
IS when in the below threshold mode and a variable gain when in the above threshold mode. The output stage has a fixed 
gain. 

As seen in Rg. 6, the preamplifier stage of hearing aid 100 Includes amplifier 62 having one Input 102 connected 
to a microphone 104 via coupling capacitor 20 and another input 106 connected to ground. The amplifier 62 has a gain 
which is set by resistor 68 and gain controller 64. The output 1 08 of the preamplifier stage is connected to a user adjust- 
ed able volume control circuit 1 1 0 having an output 1 1 2 connected to the output stage of the hearing aid 1 00. The volume 
control circuit 1 10 has a potentiometer 114 connected between the output 108 of the preamplifier stage and an Input 
1 16 of the output stage via coupling capadtor 1 18. The output stage includes an amplifier 62 having one input 1 16 con- 
nected to the output 1 1 2 of the volume control circuit 11 0. The output stage amplifier 62 has a fixed gain set by resistors 
68 and 122 and has an output 124 connected to a transducer, for example, loud speaker 126. 

25 Referring again to Rg. 6, in operation the input sound level, whether it be soft speech, conversational speech, loud 
speech and shouted speech is detected by the microphone 104 and filtered and amplified by the preamplifier stage. 
. The amplified signal from the preamplifier stage passes tiirough the volume control circuitry where It may be attenuated 
depending upon the setting of potentiometer 114. The output of the volume control circuit is transferred to the output 
stage for amplification. The output stage amplifies tiie signal and drives the transducer, such as loud speaker 126. 

30 As the input sound level is filtered and amplified, the preamplifier stage gain control drcuit 66 senses or measures 
the voltage of the output signal of the amplifier 62. If the voltage of the amplifier output signal exceeds the predefined 
threshold voltage the gain of the amplifier 62 Is automatically decreased by adjusting the resistance of variable resistor 
64. Preferably, the predefined tiireshold voltage Is 7.8 mV (rms) input-referred which typically conresponds to an 85 dB 
sound pressure level acoustic input with a t)attery voltage of 1 .25 volts. As the output voltage of the amplifier attenpts 

35 to increase beyond tiie predetermined threshold voltage, the resistance of tiie variable resistor 64 is adjusted so tiiat 
the amplifier continues to operate in tiie linear region and thus inhibits tiie amplifier 62 from saturating. 

Referring to Rg. 7, another embodiment for using tiie compression amplifier of the present invention Is shown. As 
shown, tiie preamplifier stage utilizes a compression amplifier 60 having one input 130 connected to an input receiver, 
such as microphone 132. via coupling capacitor 134. and anotiier input 136 connected to ground. The amplifier 62 has 

40 an adjustable gain set by fixed resistor 68 and variable resistor 64. Preferably, the variable resistor is a current conti'oiled 
resistor responsive to a control current (Icm) supplied by a gain control circuit 66. The current controlled resistor has a 
predetermined voltage-to*current transfer function (transconductance) which is directiy proportional to tiie control cur- 
rent supplied by tiie gain control drcuit. An example of a suitable current controlled resistor is a operational transcon- 
ductance amplifier (OTA) model LM3080 manufactured by National Semiconductor Corporation. 

45 The preamplifier stage gain control circuit 66 is connected to the output 138 of amplifier 62 and to variable resistor 
64, as seen in Rg. 7. The gain control circuit 66 measures or detects tiie voltage of the output signal from the amplifier 
62 and compares the measured voltage with a predetermined threshold voltage. Preferably, tiie predetermined thresh- 
old voltage Is 7.8 mV (rms) Input-referred. If tiie measured voltage Is greater tiian tiie tiireshold voltage, tiien the gain 
control circuit 66 varies the resistance of variable resistor 64 so as to reduce the gain of the preamplifier stage amplifier 

so 62. If the measured voltage is less tiian the tiireshold voltage then the gain control drcuit generates a cunrent tiiat sets 
the variable resistor 64 for maximum gain of amplifier 62. 

As described above, tiie gain control circuit 66, tiie resistor 68, tiie variable resistor 64. and tiie amplifier 62 form a 
preamplifier compression feedback loop or compression amplifier 60 which controls the gain of tiie amplifier 62. The 
preamplifier compression amplifier is provided to reduce tiie gain of the preamplifier stage just before tiie output signal 

55 of the amplifier 62 exceeds the capabilities of the supply voltage, tiiat is, prior to amplifier saturation. Utilization of tiie 
gain control circuit 66 causes tiie preamplifier stage amplifier 62 to amplify witiiin its linear region and tiius prevents tiie 
anplifier from saturating. Hence, saturation distortion, for example, peak-dipping is limited or substantially minimized 
even when tiie Input sound level is high, for example, exceeds 85 dB. 



9 



EP 0 844 805 A1 



The preamplrfier stage in a hearing aid is typically followed by a user adjustable volume control circuit 1 40 that per- 
mits a practitioner or patient to adjust the output sound level of the hearing aid 1 00 for maximum comfort. In the embod- 
iment of Fig. 7, a variable resistor, such as potentiometer 142 is connected as a voltage divider to ground between an 
output 138 of the preamplrfier stage and an input 144 of the output stage via coupling capacitor 146. 

5 The output stage of the hearing aid 100 includes an amplifier 62 having an input connected to the output 148 of 
volume control circuit 1 40. The output stage also has an adjustable gain set by fixed resistor 68 and variable resistor 64 
and is provided to drive a hearing aid transducer in the form of loud speaker 150. Gain control circuit 66 is connected 
to the output 152 of amplifier 62 and to variable resistor 64. Similar to the gain control circuit for the preamplifier stage, 
the output stage gain control circuit 66 measures or detects the output voltage {VouJ of the amplifier 62 and compares 

10 the measured voltage with a predetermined threshold voltage (Vth). Preferably, the threshold voltage Is 880 mV (rms) 
output-referred when using a class B push-pull amplifier or a class D pulse-width modulated amplifier circuit in the out- 
put stage. If the measured voltage is greater than the threshold voltage, then the gain control circuit 66 the resistance 
of variable resistor 64 so as to reduce the gain of the output stage amplifier 62. If the measured voltage is less than the 
threshold voltage then the gain control circuit generates a current that sets the variable resistor 64 for the maximum 

IS gain of amplifier 62. 

In the output stage, the gain control circuit 66, the resistor 68, the variable resistor 84, and the amplifier 62 form an 
output stage compression amplifier 60. that controls the gain of the amplifier 62. The output stage compression ampli- 
fier is provided to reduce the gain of the output stage just before the output signal of the amplifier 62 exceeds the capa- 
bilities of the supply voltage, that is, prior to amplifier saturation. Utilization of the gain control circuit 66 causes the 
20 output stage amplifier 62 to amplify within its linear region and thus prevents the amplifier from saturating. Hence, sat- 
uration distortion, for example, peak-clipping is limited or substantially minimized even when the input sound level 
exceeds 85 dB. 

As described above, the compression amplifiers of the present invention are used in hearing aids to minimize the 

sound distortion in the hearing aid, especially when the input sound level increases. In addition, the compression ampli- 
25 tier provides a constant compression ratio, for example, 1 0:1 , so as to ensure a predictable output signal amplitude from 

the preamplifier stage amplifier 62 and the output stage amplifier 62 for any input signal amplitude into the amplifier. 
Referring again to Rg. 7, in operation the input sound level, whether it be soft speech, conversational speech, loud 

speech and shouted speech Is detected by the microphone 132 and amplified by the preamplifier stage. The amplified 

signal from the preamplifier stage passes through the volume control circuitry where it may be attenuated depending 
30 upon the setting of potentiometer 142. The output of the volume control circuit is transfen-ed to the output stage for 

amplification. The output stage amplifies the signal and drives the transducer, such as loud speaker 150. 

As the input sound level Is amplified, the gain control circuit 66 senses or measures the voltage of the output signal 

of the amplifier 62. If the voltage of the amplifier output signal &cceeds the predefined threshold voltage, preferably 7.8 

mV (rms) input-referred, the gain of the amplifier 62 is automatically decreased by adjusting the resistance of variable 
35 resistor 64. As the output voltage of the amplifier attempts to increase beyond the predetermined threshold voltage, the 

resistance of the variable resistor 64 is adjusted so that the amplifier continues to operate in the linear region and thus 

inhibits the amplifier 62 from saturating. 

Similariy. the output voltage of the output stage amplifier 62 is sensed or measured by the output stage gain control 

circuit 66. If the voltage of the amplifier output exceeds the predefined threshold voltage, preferably 880 mV (rms) out- 
40 put-referred, the gain of the amplifier is automatically decreased by adjusting the resistance of variable resistor 64. As 

the output voltage of the amplifier attempts to increase beyond the predetermined threshold voltage, the resistance of 

the variable resistor 64. is adjusted so that the anplifier continues to operate in the linear region and thus inhibits the 

amplifier 62 from saturating. 

A more detailed description of a hearing aid with compression amplifiers can be found in European Application enti- 
45 tied "A NON-DISTORTION CIRCUIT FOR A HEARING AID", filed concurrently herewith, which is assigned to the 
assignee hereof and is incorporated herein by reference. 

Fig. 8 provides a graphical representation of the distortion performance characteristics for a hearing aid utilizing a 
compression amplifier in the preamplifier and output stages. 

Referring now to Fig. 9 an alternative embodiment of the hearing aid drcurtry using the conpression amplifier of 
so the present invention Is provided. In this embodiment, a single timing capacitor 1 54 is used for each gain control circuit 
60 and 60a instead of multiple timing capacitors 76. In this alternative emtxxjiment. the output stage has a fixed gain 
set by resistors 68 and 156. Each stage is still independently sensed by their respective gain control circuit 60 and 60a, 
but the amplitude of the output signal for each stage is controlled by a single gain control drcurt which is preferably 
associated with the preamplifier stage. The conpression ratio for this configuration is also high, for example, 10 to 1 . 
55 thus causing one stage to dominate the connpresslon action depending on the attenuation of th volume control circuit 
140. 

It will be understood that various modifications can be made to the embodiments of the present invention herein 
disclosed witiiout departing from the spirit and scope tiiereof. For exanrple. various types of amplifiers configurations 
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may be utilized in the preamplifier and the output amplifier stages. Therefore, the above description should not be con- 
strued as limiting the Invention but merely as exemplifications of preferred embodiments thereof. Those skilled in the art 
will envision other modifications within the scope and spirit of the present invention as defined by the claims appended 
hereto. 

Claims 

1 . A compression amplifier (60) having a wide dynamic range and configured to provide independent compression 
control, which comprises: 

an amplifier (62) having an input and an output: 

a gain controller (64) coupled between said input and output of said amplifier, said gain controller being respon- 
sive to a gain control signal (Icm) for providing continuous gain adjustment of said amplifier (62); and 
a gain control circuit (66) having an input coupled to said amplifier output and output coupled to said gain con- 
troller (64) for comparing an output signal level on said amplifier output with a first predetermined threshold sig- 
nal level (Vth) and for generating said gain control signal at said gain control circuit output so as to provide 
continuous gain adjustment of said amplifier (62) at least when said amplifier output signal level Is greater than 
said first predetermined threshold signal level. 

2. The compression amplifier according to claim 1, wherein said gain control circuit (66) includes means (82) for 
selectively controlling said gain control signal such that when said output signal level on said amplifier output 
exceeds said first predetermined threshold signal level (Vth) said gain control signal is generated at said gain con- 
trol circuit output. 

3. The compression amplifier according to claim 2, wherein said selective controlling means comprises a relay 
switch (80, 82). 

4. The compression amplifier according to claim 1. wherein said first predetermined threshold signal level (Vth) for 
said conrpression amplifier is a voltage set to a value below a voltage where said amplifier (62) saturates. 

5. The compression amplifier according to claim 4, wherein said first predetermined threshold voltage (Vth) ranges 
from between about 7.8 mV (rms) and about 880 mV (rms). 

1 5. The compression amplifier according to claim 5, wherein said first predetermined threshold voltage (Vth) is 7.8 
mV (rms). 

6. The compression amplifier according to claim 1, wherein said amplifier comprises an operational amplifier (62) 
having a fixed resistor (68) connected to an input of said operational anrpllf ler. 

7. The compression amplifier according to claim 1. wherein said gain controller comprises a current-controlled 
resistor (64). 

8. The compression amplifier according to daim 1. wherein said gain control circuit (66) comprises: 

a rectifier circuit portion (70) having an input coupled to said output of said amplifier (62) and an output, said 
output of said rectifier circuit portion providing a rectified signal (Vo): 

a signal comparing circuit portion (84) that receives said rectified signal (Vo) and said fn^t predetermined 
tinreshold signal (Vth) and generates an output signal (V3) which is the difference between saki rectified signal 
level and said first predetermined threshold signal level; 

a summing circuit portion (92) having a first input coupled to said output of said signal comparing circuit portion 
(84) and a second input coupled to a sub-threshold amplifier (90). said summing drcuit portion generates an 
output signal that is the sum of tiie signals on said first and second inputs; and 

a signal generating circuit portion (94, 96, 98) having an input coupled to said output of said summing circuit 
and an output coupled to said gain controller (64), said signal generating circuit portion continuously generates 
said gain control signal tiiat is proportional to said rectified signal level and said first predetermined threshold 
signal level. 

9. The oonpression anrplifier according to daim 8 further comprising a switch (82) connected between said output 



11 



EP 0 844 805 A1 



of said voltage comparing circuit portion (84) and said first input of said summing circuit portion (92), said switch 
being responsive to a mode select signal derived from a comparison (78) of said rectified signal level and said first 
predetermined threshold signal level such that when said rectified signal level exceeds said first predetermined 
threshold signal level (Vth) said switch (82) is activated. 

10. A compression amplifier (60) having a wide dynamic range and configured to provide selective gain compres- 
sion according to claim 1 wherein said gain control circuit is responsive to the output signal on said amplifier output 
and to the pre-deter mined threshold signal (Vth) for generating an output gain current (Icm), said gain controller 
(64) being responsive to said gain control current such that when said gain control current changes said gain con- 
troller (54) adjusts the gain of said amplifier (62), wherein said gain control current is defined by: 



1 1 . A hearing aid comprising: 

a preamplifier network (60) having an input connected to a sound detector (104) and an output, wherein said 
preamplifier network includes a compression amplifier according to claim 1 said output of said amplifier corre- 
sponding with said output of said preamplifier network; and 

an output drive network (60a) having an input (1 1 6) connected to said output (1 08) of said preamplifier network 
and an output connected to a sound transducer (126), said output drive network (60a) including an amplifier 
(62). 

12. A hearing aid according to claim 1 1 wherein said amplifier (62) has a fixed gain. 

13. A hearing aid according to daim 1 1 wherein said amplifier (62) has an input leg (144) and an output leg (152) 
conresponding to said output of said output drive network, 

a gain controller (64) coupled between said input leg and output leg of said amplifier, said gain controller being 
responsive to a gain control signal (Icm) for providing continuous gain adjustment of said anrplif ier (62), and 

a gain control circuit (66) having an input coupled to said amplifier output leg and output coupled to sakJ gain 
controller (64) for comparing an output signal level (Vo) on said preamplifier network output (1 52) with a second 
predetermined threshokJ signal level (Vth) and for generating said gain control signal on said output drive net- 
work gain control circuit output so as to provide continuous gain adjustment of said output drive network ampli- 
fier (62) at least when said preanplifler network output signal level is greater than said second predetermined 
threshold signal level (Vth). 

14. The hearing aid according to claim 13p wherein said output drive network gain control circuit comprises: 

a rectifier circuit portion (70) having an input coupled to said output of said output drive network amplifier (62) 
and an output, said output of said rectifier circuit portion providing a rectified DC signal (Vo); 
a signal comparing circuit portion (84) receiving said rectified DC signal (Vo) and said second predetermined 
threshold signal (Vth) and generating an output signal (V3) that is a difference between said rectified DC signal 
and said second predetermined threshold signal; 

a summing circuit portion (92) having a first Input coupled to said output of said signal comparing circuit portion 
(84) and a second input coupled to a sub-threshoW anplifier (90). said summing circuit portion generating an 
output signal that is the sum of the signals on said first and second inputs; and 

a signal generating circuit portion (94. 96, 98) having an input coupled to said output of said summing circuit 
and an output coupled to said gain controller (64), said current generating circuit (94, 96, 98) generating a sig- 
nal (Icm) that is proportional to said rectified DC signal and said second predetermined threshold signal. 

15. The hearing aid according to claim 1 4 further comprising a volume control circuit (140) connected between said 
output (138) of said preamplifier network (60) and said input (144) of said output drive network (60a). 

16. The hearing aid according to claim 15. wherein volume control circuit comprises a variable resistor (142) con- 
nected in a voltage divider configuration. 
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FIG. 8 
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